Pseudomonas putida adapted to growth in 3 mM cadmium. The resistance mechanism involved complexation of cadmium in polyphosphate granules, changes in the structure of the cell membrane and induction of three cysteine-rich, low molecular weight proteins (3500-7000) containing 4 to 7 g-atoms per mole of cadmium, zinc, and copper. Each protein was produced during a different phase of growth, and the smallest protein (3500) was released into the environment when the cells lysed at the end of the exponential phase.
Introduction
Metallothioneins are a ubiquitous class of proteins and have been isolated from a wide range of animals and several microorganisms including yeast (1) , protozoa (2) , Neurospora (3) and cyanobacteria (4) . We have recently shown that metallothionein-related proteins are present even in a member of the most primitive group of prokaryotes, the eubacteria (5, 6) .
Metallothioneins are implicated in metal homeostasis and detoxification (7) . Bacteria have evolved a wide range of mechanisms for dealing with toxic levels of metals in their environment including methylation, precipitation, chelation, and exclusion (8, 9) . Cadmium resistance in Staphylococcus aureus has been investigated in detail and involves energy-dependent efflux of the metal (10, 11) .
In contrast, Pseudomonas putida actively accumulates cadmium from the growth medium, and the resistance mechanism appears to involve initial immobilization of cadmium in polyphosphate granules followed by the production of a series of low molecular weight cadmiumbinding proteins (6) : the pseudothioneins.
Such primitive organisms are likely to be useful for studying the relationship between structure and function of metallothionein-related proteins and the mechanism of their induction. Metal induction ofthese proteins is a topic of particular interest because of its potential use as a tool in genetic engineering. the cadmium was only weakly complexed and available to the bacteria. This organism was identified as Pseudornonas putida with a confidence level of 93%, but anomalously this strain of P putida accumulated poly-,B-hydroxybutyrate. Over a period of 8 weeks, the bacterium was repeatedly subcultured into media containing increasingly higher levels of cadmium until the bacteria had adapted to growth in 3 mM cadmium. Repeated subculturing did not result in selection of a cadmium-resistant mutant, as acquired resistance was lost when cadmium was omitted from the medium for a single subculture. Bacteria then had to "readapt" to 3 mM cadmium over a similar time course as control cells (12) . Adapted cells growing in 3 mM cadmium exhibited a long lag phase of ca. 6 hr (Fig. 1) . The cell division time increased from 25 to 77 min, leading to a depressed and prolonged exponential phase. This was followed by a brief stationary phase and then a rapid decline in the number of viable cells due to lysis (12) .
Adapted cells had an increased zinc requirement compared to control cells, and additional zinc was actively accumulated from the medium (12) . When the concentration of zinc in the growth medium was increased (from 0.6 ,uM) to 60 ,uM, the cell division time of adapted cells decreased to 54 min, but the rate of cell lysis increased (Fig. 1) . A similar increase in the zinc concentration had no effect on the growth of control cells. Bacteria used for the extraction of metal-binding proteins were grown in media containing 3 mM cadmium and 60 ,uM zinc.
Increased resistance to cadmium was accompanied by major changes in cell morphology. Adapted cells produced large "blebs" on the membrane (Fig. 2) , were more rounded than control cells, and were nonmotile. Removal of cadmium from the culture medium resulted in a reversion to rod-shaped, motile cells and the disappearance of blebs on the membrane, after a single overnight culture. The change in the morphology of the membranes of cadmium-adapted cells may be related to the large amount of cadmium localized in the cell envelope. Cadmium-adapted bacteria were more sensitive to certain antibiotics, including aminoglycosides, cyclic polypeptides, and chloramphenicol (12) . This is presumably related to the observed changes in membrane structure. The outer membrane of Pseudomonads is normally thought to play an important role in excluding these antibiotics from the cell (13). 
Metal-Binding Proteins
Bacteria resistant to 3 mM cadmium actively accumulated cadmium from the growth medium. At the end of the exponential phase the total cellular concentration of cadmium was 4.5 to 9 mM, of which ca. 60% was localized in the cell envelope. During the long lag phase the cytoplasmic cadmium was associated with polyphosphate granules and high molecular weight proteins (MW > 70,000). Toward the end of the lag phase, when the polyphosphate had been metabolized, the cadmium was associated with both high and low molecular weight proteins (MW 7000). After Figure 3 . In cadmiumadapted cells a greater proportion of the total cellular protein was found in the low molecular weight fraction (Fig. 4) . In addition, during the late exponential and stationary phase a peak attributable to a new, very low molecular weight material was present in the G-75 chromatogram. This material could not be isolated from control cells, which suggests the induction of low molecular weight protein(s) by cadmium.
Further purification of G-75 fractions using DEAESepharose (Fig. 5) showed that CdPT1, CdPT2, and CdPT3 were induced and were not present in detectable quantities in control cells grown in the absence of cadmium or zinc.
In common with mammalian metallothioneins the bacterial proteins contain cadmium, copper, and zinc. The copper content of the proteins is markedly reduced when the bacteria are grown in copper-depleted (Chelextreated) medium, and the cadmium and zinc contents are correspondingly increased (Table 2) CdPT3. CdPT2 had the highest Gly content and was also rich in Glx. Of the three proteins CdPT3 was the most similar to previously reported metallothioneins and contained no aromatic amino acids, Arg or Ile and only one residue of Leu. However, CdPT3 had a lower Ser and Lys content than mteallothionein and was very rich in Glx.
Characterization of CdPT1
The metal binding sites of CdPT1, the major pseudothionein produced during the exponential phase, were probed in more detail. This protein contained a total of approximately 7 g-atoms of metal per mole: 4 Cd, 2 Zn, and 1 Cu.
The circular dichroism spectrum of CdPT1 showed the presence of 5 bands between 230 and 350 nm ( Table 3) . The positive Cotton effect at 260 nm is common to many mammalian metallothioneins containing cadmium alone, or cadmium and zinc (Table 3) (14) . The high-wavelength bands are present in Cu(I)-containing metallothioneins, such as bovine fetal and chicken liver metallothioneins (15) . Native CdPT1 did not give an ESR spectrum, suggesting that copper is present as Cu(I) or alternatively, an antiferromagnetically coupled Cu(II) pair. When the (19) .
A speculative model for the metal binding sites of Cd4Cu2 Zn1PT1, which at present appears to account for much of the data described above is shown in Figure 9 . The metal cluster incorporates two Cu(I)(Cys)2 sites, two Cd(Cys)4 sites and two Cd(Cys)2(His)(Glu) sites. (20) .
Further investigation of the pseudothioneins should provide an insight into the mechanism of induction of metal-cluster proteins and the relationship between their structure and function. However, the work described here also suggests that the adaptation of P putida to high cadmium concentrations involves a complex series of other processes in addition to the production of pseudothioneins. 
